We hypothesized that an increased, incomplete fatty acid beta-oxidation in mitochondria could be part of the metabolic events leading to insulin resistance and thereby an increased type 2 diabetes risk in low birth weight (LBW) compared with normal birth weight (NBW) individuals. Therefore, we measured fasting plasma levels of 45 acylcarnitine species in 18 LBW and 25 NBW men after an isocaloric control diet and a 5-day high-fat, high-calorie diet. We demonstrated that LBW men had higher C2 and C4-OH levels after the control diet compared with NBW men, indicating an increased fatty acid beta-oxidation relative to the tricarboxylic acid cycle flux. Also, they had higher C6-DC, C10-OH/C8-DC, and total hydroxyl-/dicarboxyl-acylcarnitine levels, which may suggest an increased fatty acid omega-oxidation in the liver. Furthermore, LBW and NBW men decreased several acylcarnitine levels in response to overfeeding, which is likely a result of an upregulation of fatty acid oxidation due to the dietary challenge. Moreover, C10-OH/C8-DC and total hydroxyl-/dicarboxyl-acylcarnitine levels tended to be negatively associated with the serum insulin level, and the total hydroxyl-/dicarboxyl-acylcarnitine level additionally tended to be negatively associated with the hepatic insulin resistance index. This indicates that an increased fatty acid omega-oxidation could be a compensatory mechanism to prevent an accumulation of lipid species that impair insulin signaling.
Introduction
Low birth weight (LBW) individuals have an increased risk of developing obesity, cardiovascular disease, and type 2 diabetes, compared with normal birth weight (NBW) individuals, when exposed to an affluent life style such as overfeeding (Ravelli et al. 1976; Hales et al. 1991; Barker et al. 1993; Harder et al. 2007 ). In a short-term high-fat overfeeding study in young, healthy LBW and NBW men, we have shown that LBW men display a number of metabolic abnormalities relevant to the pathophysiology of type 2 diabetes, including a decreased hepatic insulin sensitivity (Brons et al. 2008) prior to, and development of a decreased peripheral insulin sensitivity in response to a high-fat, high-calorie diet intervention (Brons et al. 2012 ). Furthermore, we have shown that LBW men exhibit an increased fatty acid oxidation rate, but an unaltered total energy expenditure, during night time compared with NBW men (Brons et al. 2013) . However, the extent to which the disproportionately increased fatty acid oxidation rate could contribute to the decreased insulin sensitivity in LBW men as a result of a differential and potentially incomplete fatty acid oxidation remains to be studied.
High-fat overfeeding and an increased lipid exposure to skeletal muscle has been shown to lead to an increased expression of genes in the fatty acid beta-oxidation pathway, including the gene encoding carnitine palmitoyltransferase I (CPT-I) that catalyzes the condensation of activated long-chain fatty acids (acyl-CoAs) to carnitine to form acylcarnitines and thereby regulates the entry of these acyl-CoAs into the mitochondrial matrix (Koves et al. 2005; Muoio and Newgard 2006; Turner et al. 2007) . Also, in the state of high-fat overfeeding, an increased beta-oxidation has been suggested to not necessarily be matched by increased tricarboxylic acid (TCA) cycle and electron transport chain fluxes, which results in an incomplete fatty acid oxidation (Koves et al. 2005 (Koves et al. , 2008 Newgard 2006, 2008b) . This leads to an accumulation of acylcarnitines and reactive oxygen species that may contribute to metabolic stress and thereby ultimately impair insulin signaling (Bloch-Damti and Bashan 2005; Adams et al. 2009; Rutkowsky et al. 2014; Aguer et al. 2015) . In addition to an incomplete beta-oxidation, increased intracellular concentrations of long-chain acylCoAs may lead to an increased lipogenesis, hereunder the synthesis of lipid species that impair insulin signaling (Muoio and Newgard 2008b) . This metabolic fate of long-chain acyl-CoAs has been especially described in the context of high-fat diet-induced hepatic insulin resistance. Actually, high-fat overfeeding has been proposed to lead to malonyl-CoA induced inhibition of CPT-I activity in the liver, and a following diversion of long-chain acylCoAs away from beta-oxidation and toward other metabolic fates in the cytosol, including lipogenesis (Muoio and Newgard 2008a,b) . However, studies also point to that an increased lipid exposure to the liver leads to a simultaneously increased beta-oxidation and incorporation of long-chain acyl-CoAs into lipids (Ciapaite et al. 2011) .
Incomplete fatty acid beta-oxidation downstream of CPT-I is reflected by elevated plasma acylcarnitine levels (Koves et al. 2008) , as acyl-CoAs in the mitochondrial matrix can be converted into acylcarnitines that subsequently are transported through the mitochondrial membranes and thereafter from the cytosol to the blood (Koves et al. 2008; Millington and Stevens 2011; Violante et al. 2013) . Actually, higher plasma acylcarnitine levels have been found in adults with prediabetes and type 2 diabetes (Adams et al. 2009; Mihalik et al. 2010; Ha et al. 2012; Mai et al. 2013) . Also, defects in specific steps of beta-oxidation can be revealed by altered acylcarnitine levels, as made use of in the diagnosis of inborn errors in fatty acid metabolism (Millington et al. 1990; Chace et al. 2001 Chace et al. , 2003 . Moreover, the involvement of other metabolic pathways upstream of beta-oxidation may be reflected in the composition and concentrations of acylcarnitine species (Koves et al. 2008) . Thus, an incomplete beta-oxidation give rise to even-chain C4-C22 acylcarnitine species, and amino acid catabolism is a source for C3, C4, and C5 species (Koves et al. 2008) . These pathways are, together with glucose oxidation, in addition sources of acetylcarnitine, C2, when acetyl-CoA is generated in excess in the mitochondrial matrix relative to the flux into the TCA cycle (Zammit 1999; Koves et al. 2008) . In this situation, carnitine acetyl-CoA transferase (CrAT) catalyzes the transfer of acetyl-CoA to carnitine to form acetylcarnitine, which is subsequently transported to the cytosol (Zammit 1999; Muoio Deborah et al. 2012 ). An accumulation of acylCoAs in the cytosol due to an incomplete beta-oxidation may lead to an increased fatty acid omega-oxidation in the endoplasmic reticulum of mainly the liver (Bjorkhem 1976; Reddy and Hashimoto 2001; Patsouris et al. 2006 ). This latter is expected to be reflected in higher plasma hydroxyl-/dicarboxyl-acylcarnitine levels (Reddy and Hashimoto 2001; Houten et al. 2012) .
We hypothesized that an increased, incomplete fatty acid beta-oxidation could contribute to the impaired insulin sensitivity in LBW individuals, reflected by elevated plasma acylcarnitine levels. Accordingly, we analyzed fasting plasma levels of 45 acylcarnitine species, including even-chain C2-C22 species, odd-chain C3-C7 species, and hydroxyl-/dicarboxyl-species, in LBW and NBW men following an isocaloric control diet and a 5-day high-fat, high-calorie diet.
Materials and Methods

Study population
Forty-six young (23-27 years of age), healthy men were recruited from the Danish National Birth Registry according to birth weight. All individuals were born at term (39-41 weeks of gestation) and in Copenhagen in the period 1979-1980. LBW was defined as a birth weight below the 10th percentile, as earlier studies have shown that individuals within this range have an increased risk of developing type 2 diabetes (Jaquet et al. 2000; Jensen et al. 2002) , and NBW was defined as a birth weight within the 50th-90th percentile range. Among the recruited men, 20 had LBW (2717 AE 268 g) and 26 had NBW (3901 AE 207 g). Furthermore, all participants were ensured to not have a family history of diabetes in two generations, not have a body mass index (BMI) greater than 30 kg/m 2 , not perform strenuous physical activity more than 10 h per week, not take pharmaceuticals that affect metabolism, and not have an abuse of alcohol or drugs.
Study design
Diet interventions
All individuals were in a randomized crossover setup standardized with respect to diet and physical activity and following given a 3-day control diet and a 5-day high-fat, high-calorie diet separated by a 6-8 weeks wash-out period. Energy requirements of the individual subjects were calculated from a World Health Organization equation for men less than 30 years of age and a physical activity level of 1.4 corresponding to a low physical activity (WHO, 2001 ). The control diet was composed to reflect a habitual, weight-maintaining diet (2819 AE 238 kcal/ 11,800 AE 1000 kJ) with 15% of the total energy from protein, 50% from carbohydrate, and 35% from fat, and the high-fat, high-calorie diet was prepared to contain 50% extra calories (4228 AE 334 kcal/17,700 AE 1,400 kJ) with 7.5% of the total energy from protein, 32.5% from carbohydrate, and 60% from fat (Table S1 ). Both diets were provided as five daily servings with 25% of the total energy from breakfast, 10% from morning snack, 25% from lunch, 10% from afternoon snack, and 30% from dinner, and the meals were identical from day to day. Dietary calculations were made in Dankost Pro (http://dankost.dk/english) (The National Food Agency, Copenhagen, Denmark).
Clinical examinations
Study activities were carried out over 3 days, with the first of these days being placed 1 or 3 days after the start of the control and high-fat, high-calorie diet intervention, respectively. Anthropometry was performed on the first study day. An intravenous glucose tolerance test (IVGTT) and a hyperinsulinemic-euglycemic clamp were carried out in the morning on the third study day following an overnight fast to assess insulin secretion and sensitivity, as previously described (Brons et al. 2008 (Brons et al. , 2012 . Furthermore, calorimetry was performed throughout 24 h from the first to second study day by use of a respiratory chamber and in the basal and insulin-stimulated steady-state periods of the clamp to evaluate substrate utilization rates and energy expenditures, as previously described (Brons et al. 2012 (Brons et al. , 2013 . Blood samples were collected prior to and during the clamp.
Laboratory measurements
Acylcarnitine analyses
Acylcarnitine analyses were performed on EDTA-plasma samples collected following an overnight fast (10.00 PM-7.00 AM) and immediately prior to the clamp examination. These analyses included a semi-quantitative determination of 45 a priori selected acylcarnitine species or sets of species (ions with equal mass), noted in this text by their acyl group in accordance to its carbon chain length (e.g., C16), possible double bonds (e.g., C16:1), and possible hydroxyl-or a second carboxyl-group (e.g., C16-OH or C16-DC, respectively) ( Table 3, Table S2 ), and were performed by use of sample preparation procedures and flow injection-tandem mass spectrometry (MS/MS), as previously described (An et al. 2004; Ferrara et al. 2008; Millington and Stevens 2011) . In brief, plasma samples were spiked with a selection of deuterium-labeled acylcarnitine standards, including D3-C2, D3-C3, D3-C4, D9-C5, D3-C8, and D3-C16 carnitines (Cambridge Isotope Laboratories, Andover, MA). Following, proteins were removed by precipitation with methanol, and the supernatants were then transferred to a 96-well plate, evaporated to dryness under nitrogen gas, and incubated with either acidified methanol or butanol to form methyl and butyl ester derivatives of the acylcarnitines, respectively. After this, the reagents were evaporated to dryness under nitrogen gas, and the residues were redissolved in 85:15 (v/v) methanol:water. Subsequently, the samples were introduced into a Quattro Micro MS/ MS system (Waters, Milford, MA) equipped with a model HTS-PAL autosampler (Leap Technologies, Carrboro, NC) and a model 1100 HPLC solvent delivery system (Agilent Technologies, Santa Clara, CA). Mass spectra of the acylcarnitine esters were obtained by positive precursor ion scanning of m/z 99 and m/z 85 for methyl or butyl esters, respectively. Following, acylcarnitines were identified from the peaks of these derivatives and quantified from the ratio of their molecular signals to respective internal standards (Table S2) . Some acylcarnitine species shared the same internal standard due to the limited number of commercially available analytical standards. Addition of more internal standards, however, does not appear to significantly improve the analytical precision (Millington and Stevens 2011) . Mass spectra were analyzed by use of MassLynx 4.0 (Waters). Acylcarnitine analyses were performed in The Sarah W. Stedman Nutrition and Metabolism Center Metabolomics/Biomarker Core Laboratory, Duke University, Durham, NC. The laboratory was blinded to the birth weight of the individuals.
Ethical approval
All study procedures were in accordance with the principles of The Declaration of Helsinki and were approved by The Regional Research Ethics Committee of Copenhagen, Denmark. Also, all participants were provided with written information on the study purpose and procedures and signed an informed consent prior to their participation. Table 1 . Clinical characteristics of low (LBW) and normal birth weight (NBW) men following the control (C) and high-fat, high-calorie (O) diets. 
Statistical analyses
Acylcarnitine levels and their relation to physiological measures
Differences in plasma acylcarnitine levels between NBW and LBW individuals within each diet or between the control and high-fat, high-calorie diets within each birth weight group were assessed from Student's unpaired or paired t-test (for normally distributed values), respectively, or Wilcoxon ranked-sum or signed-rank test (for not normally distributed values), respectively. Prior to these tests, statistical outliers (1.5 interquartile range) were removed from the dataset. Also, values below the lower limit of detection were replaced by 0.5 times this limit, which was defined as the minimum value for the actual metabolite. Following, outliers were replaced by the mean value within the group. Normal distribution of values (variables or differences between variables, respectively) was evaluated from Shapiro-Wilk test. Finally, after P-values were calculated, adjustment for multiple testing was done by calculating false discovery rates, Q-values, by the Benjamini and Hochberg method (Benjamini and Hochberg 1995) . Data in Table 3 are presented as mean value plus or minus standard deviation (SD) together with P-and Q-values. P-values ≤0.05 were considered statistically significant if their corresponding Q-values were ≤0.1. Student's t-tests and Wilcoxon tests were performed in SAS Enterprise Guide 6.1 (SAS Institute, Cary, NC), and Benjamini and Hochberg corrections were performed in R 3.1.0 (https://www.rproject.org/). Associations between plasma acylcarnitine levels and physiological measures were assessed from linear regression analyses. These analyses were performed on the pooled dataset of LBW and NBW individuals and were adjusted for age, BMI, and birth weight group. Only acylcarnitine levels that significantly differed between NBW Table 2 . Glucose, fatty acid, and protein oxidation rates and total energy expenditures in low (LBW) and normal birth weight (NBW) men during the control (C) and high-fat, high-calorie (O) diets. Data are presented as mean AE SEM. P-values from Student's t-tests are presented unadjusted for multiple comparisons, and P-values ≤0.5 are considered statistically significant. P NBW and P LBW : O versus C diet within each birth weight group, P C and P O : LBW versus NBW individuals within each diet, P D : LBW versus NBW individuals on response values. P-values ≤0.05 are marked in bold. P-values on intervention effects are presented here for the first time. Details on the measurements have been described in previous articles (Brons et al. 2013 . Abbreviations: EE, Energy expenditure; FOX, Fatty acid oxidation; GOX, Glucose oxidation; POX, Protein oxidation. Table 3 . Plasma acylcarnitine levels in low (LBW) and normal birth weight (NBW) men following the control (C) and high-fat, high-calorie (O) diets.
(lmol/L) and LBW individuals after the control or high-fat, highcalorie diet were included in the analyses. Data in Tables  4, 5 , and 6 are presented as slope plus or minus SD together with P-and Q-values. P-values were considered statistically significant as described above. Linear regression analyses were performed in R.
Results
Eighteen LBW and 25 NBW men were included in this study. Two LBW individuals of the recruited participants failed to consume all the food provided during the highfat, high-calorie diet, and a NBW subject felt discomfort in connection with the clamp after the control diet and therefore did not further participate in this test in either the control or high-fat, high-calorie diet study part.
Clinical characteristics
Low birth weight and NBW men displayed differences in body composition and glucose and lipid metabolism after the control and high-fat, high-calorie diets, and both birth weight groups showed changes in metabolism in response to the dietary challenge, as previously reported (Brons et al. 2008 (Brons et al. , 2012 (Brons et al. , 2013 . A selection of variables that provide background for the current findings is shown in Tables 1 and 2 and also presented here. Low birth weight men had higher fasting blood glucose and serum insulin levels after the control diet compared with NBW men (Table 1) . Also, LBW and NBW men both increased the fasting blood glucose level and decreased the fasting plasma nonesterified fatty acid level in response to overfeeding (Table 1) . NBW men additionally increased the fasting serum insulin level due to this challenge. LBW and NBW men did not show differences in basal glucose or fatty acid oxidation rates after the control or high-fat, high-calorie diet when evaluated from the indirect calorimetry examination in connection with the clamp on the last study day, and they also did not change these rates in response to overfeeding (Table 1) . However, when studied during the 24 h calorimetry during the interventions, LBW men had a higher fatty acid oxidation rate and a lower glucose oxidation rate during sleep on the control diet compared with NBW men (Table 2) . Also, LBW and NBW men both increased fatty acid oxidation rates and decreased protein oxidation rates in all measured time intervals during the 24 h calorimetry in response to overfeeding, and NBW men decreased the glucose oxidation rate during day time due this challenge (Table 2) . Furthermore, LBW and NBW men both increased total energy expenditures in response to overfeeding (Table 2) . LBW men had a higher hepatic insulin resistance index after the control diet compared with NBW men, but LBW and NBW men did not have a different insulin-stimulated glucose infusion rate, M-value, after this diet (Table 1) . Furthermore, NBW men increased the hepatic insulin resistance index in response to overfeeding, whereas LBW men decreased the M-value in reaction to overfeeding. LBW and NBW men did not show a different first-phase insulin response (FPIR) and nor different hepatic or peripheral disposition indices (DI) following the control or high-fat, high-calorie diet (Table 1) . However, LBW and NBW men both increased the FPIR in response to overfeeding, and NBW men additionally increased the peripheral DI due to this challenge.
Acylcarnitine levels and their relation to physiological measures
Low birth weight and NBW men showed differences in plasma acylcarnitine levels after the control diet, but not after the high-fat, high-calorie diet, and both birth weight groups furthermore showed changes in acylcarnitine levels in response to overfeeding (Table 3) . Low birth weight men had higher C2, C4-OH, C6-DC, and C10-OH/C8-DC levels after the control diet compared with NBW men, and they also displayed higher total hydroxyl-/dicarboxyl-acylcarnitine and total acylcarnitine levels after this diet. However, LBW men did not have a higher total acylcarnitine level when C2 was excluded from the sum (data not shown). Furthermore, LBW and NBW men both decreased C2, C12:1, C16:2, C16:1, C16, C18:1, C18, C18:1-OH/C16:1-DC, and total acylcarnitine levels in response to overfeeding. LBW men additionally decreased C4/C4i, C4-OH, C10-OH/C8-DC, and C14:1 levels when exposed to overfeeding, whereas NBW men decreased C12-OH/C10-DC, C14:2, and C16:1-OH/C14:1-DC levels due to this challenge. Moreover, LBW and NBW men both increased C8:1 and C8:1-OH/C6:1-DC levels in response to overfeeding. Also, LBW men increased the C10:3 level, whereas NBW men increased C6-DC and C22 levels due to overfeeding.
C10-OH/C8-DC, total hydroxyl-/dicarboxyl-acylcarnitine, and total acylcarnitine levels were positively associated with the plasma nonesterified fatty acid level after the control diet (Tables 5 and 6 ). Also, C10-OH/C8-DC and total hydroxyl-/dicarboxyl-acylcarnitine levels tended to be negatively associated with the serum insulin level after the control diet. In addition, the C10-OH/C8-DC level tended to be positively associated with the M-value after the control diet, and the total hydroxyl-/dicarboxylacylcarnitine level tended to be negatively associated with the hepatic insulin resistance index after this diet. Furthermore, the C4-OH level was positively associated with the insulin-stimulated glucose oxidation rate and negatively associated with the insulin-stimulated fatty acid oxidation rate after the high-fat, high-calorie diet, and tended to be positively associated with the M-value after this diet (Table 4) . Moreover, a decrease in total hydroxyl-/dicarboxyl-acylcarnitine and total acylcarnitine levels in response to overfeeding was associated with a decrease in the plasma nonesterified fatty acid level, and a decrease in the total hydroxyl-/dicarboxyl-acylcarnitine level was additionally associated with a decrease in the plasma triacylglycerol level and an increase in FPIR.
Discussion
In order to investigate a possible differential and potentially incomplete fatty acid oxidation in LBW individuals, we measured fasting plasma levels of 45 acylcarnitine species or sets of species in 18 LBW and 25 NBW men following an isocaloric control diet and a 5-day high-fat, high-calorie diet. We demonstrated that LBW men had higher C2, C4-OH, C6-DC, and C10-OH/C8-DC levels after the control diet compared with NBW men, and also a higher total hydroxyl-/dicarboxyl-acylcarnitine level after this diet. Moreover, C10-OH/C8-DC and total hydroxyl-/dicarboxyl-acylcarnitine levels tended to be negatively associated with the serum insulin level after the control diet, and the total hydroxyl-/dicarboxyl-acylcarnitine level additionally tended to be negatively associated with the hepatic insulin resistance index after this diet.
Low birth weight individuals' higher C2 level after the control diet is reflective of an excess of acetyl-CoA in the mitochondrial matrix. This indicates increased fatty acid, glucose, and/or amino acid oxidation rates relative to the TCA cycle flux (Fig. 1) . Also, their unaltered total acylcarnitine level when excluding C2 suggests that they do not have limitations in fatty acid beta-oxidation. In previous studies, we have found that LBW men have an increased fatty acid oxidation rate and a decreased glucose oxidation rate at night time during the control diet compared with NBW men, whereas they do not have a different protein oxidation rate (Brons et al. 2013) . Thus, an accumulation of acetyl-CoA in LBW men is likely to be due to an increased fatty acid beta-oxidation. Furthermore, we have shown that LBW and NBW men do not show differences in expression levels of genes involved in oxidative phosphorylation or differences in ATP synthesis in skeletal muscle (Brons et al. 2008) . Thus, at least in skeletal muscle, available data indicate that LBW individuals could have an increased beta-oxidation rate and an unchanged TCA cycle flux, which would cause an accumulation of acetyl-CoA in the mitochondrial matrix (Fig. 1) . Their higher 3-hydroxy-butyrylcarnitine, C4-OH, level is thought to reflect ketogenesis (McGarry and Foster 1972) , consistent with an excess pool of acetyl-CoA. As the liver is a primary site of ketogenesis, these findings may suggest increased rates of hepatic fatty acid oxidation in LBW men (Fig. 1) . Hydroxyl-and dicarboxyl-fatty acids are products of fatty acid omega-oxidation in the endoplasmic reticulum of mainly the liver (Reddy and Hashimoto 2001) , and with regards to medium-chain dicarboxyl-fatty acids and their acylcarnitine esters, in addition of beta-oxidation in peroxisomes, as long-chain dicarboxyl-fatty acids derived from omega-oxidation are oxidized in peroxisomes (Houten et al. 2012) . Omegaoxidation is a minor route for oxidation of fatty acids under normal physiological conditions (Reddy and Hashimoto 2001; Patsouris et al. 2006) . However, the flux of fatty acids through this pathway is increased when intracellular levels of nonesterified fatty acids are high such as following high-fat feeding (Patsouris et al. 2006) or under fasting (Patsouris et al. 2006 ) and starvation (Bjorkhem 1976; Kroetz et al. 1998) . In addition to the omega-oxidation pathway, hydroxyl-fatty acids are intermediates in beta-oxidation in mitochondria and peroxisomes (Reddy and Hashimoto 2001; Jones and Bennett 2010) . Therefore, the higher C6-DC, C10-OH/C8-DC, and total hydroxyl-/ dicarboxyl-acylcarnitine levels in LBW men could reflect an increased omega-oxidation (Mortensen and Gregersen 1981) along with an increased beta-oxidation of dicarboxyl-fatty acids (Houten et al. 2012) (Fig. 1) , if these acylcarnitines are in fact both hydroxyl-and dicarboxylspecies, or, alternatively, an accumulation of intermediates Table 6 . Associations between total OH-/DC-acylcarnitine, total non-OH-/DC-acylcarnitine, or total acylcarnitine level and physiological measures following the control (C) and high-fat, high-calorie (O) diets and between response values (D).
OH/DC-acylcarnitines (Slope, SD, P, Q)
Non-OH/DC-acylcarnitines (Slope, SD, P, Q)
All acylcarnitines (Slope, SD, P, Q) Ferland-McCollough et al. 2012; Schultz et al. 2014 ). An increased lipolysis results in a shift in the equilibrium of fat storage from adipose tissue toward an increased storage in nonadipose tissue such as the liver (Samuel and Shulman 2016) . Also, an increased hepatic fatty acid load is expected to induce omega-oxidation (Patsouris et al. 2006) . Interestingly, omega-oxidation has been shown to be upregulated in experimental models of diabetes (Yoshioka et al. 1994; Miura 2013) as well as in patients with diabetes (Lippe et al. 1987) . This, together with the present findings of a possible increase in omega-oxidation in LBW individuals, suggests that an increased omega-oxidation could be part of the metabolic phenotype of prediabetes and diabetes. Acetylcarnitine, C2, has been reported to be a marker of prediabetes (Wang-Sattler et al. 2012) , and an elevated fasting plasma C2 level has been found in adults with type 2 diabetes (Adams et al. 2009; Villarreal-Perez et al. 2014) . Also, the fasting plasma C2 level has been shown to positively associate with the fasting plasma HbA1c level in women with or without diabetes (Adams et al. 2009 ). However, in this study, the C2 level did not associate with measures of insulin secretion or sensitivity. In addition, the fasting plasma C4-OH level has been found to be elevated in obese women with type 2 diabetes (Fiehn et al. 2010) . Furthermore, the fatty acid moiety of this acylcarnitine has been shown to interfere with insulin signaling (Tardif et al. 2001) , and its levels in skeletal muscle have been associated with muscle insulin resistance in diet-induced obesity rodent models (An et al. 2004) . In this study, we did not observe any associations between the plasma C4-OH level and insulin secretion or sensitivity. However, C10-OH/C8-DC and total hydroxyl-/dicarboxyl-acylcarnitine levels tended to be negatively associated with the serum insulin level, and the total hydroxyl-/dicarboxyl-acylcarnitine level additionally tended to be negatively associated with the hepatic insulin resistance index. This suggests that omega-oxidation could act as a scavenger pathway for oxidation of fatty acids when intracellular acyl-CoA levels are high to thereby reduce the availability of these precursors for the synthesis of lipotoxic lipid species such as ceramides and diacylglycerols that impair insulin signaling (Chavez and Summers 2012; Jornayvaz and Shulman 2012) (Fig. 1) .
We furthermore demonstrated that LBW and NBW men decreased levels of 12 and 11 of the measured acylcarnitine species, respectively, as well as the total acylcarnitine level in response to overfeeding. In addition, they increased levels of three and four species, respectively, due to this challenge.
Low birth weight and NBW individuals' decrease in several short-, medium-, and long-chain acylcarnitine species, including C2, in response to overfeeding could be due to an increased fatty acid beta-oxidation and TCA cycle flux following the high-fat, high-calorie diet compared to the control diet. This interpretation is strongly supported by the findings that LBW and NBW men increased both fatty acid oxidation rates and total energy Non-OH/DC-acylcarnitines (Slope, SD, P, Q)
All acylcarnitines (Slope, SD, P, Q) Figure 1 . Proposed differences in fatty acid oxidation pathways between low (LBW) and normal birth weight (NBW) individuals. LBW individuals may have an increased beta-oxidation in mitochondria of skeletal muscle (upper panel) and liver (bottom panel) that is not matched by an equivalently increased TCA cycle flux, resulting in an accumulation of acetyl-CoA in the mitochondrial matrix and following of acetylcarnitine in the cytosol. Also, an excess of acetyl-CoA could lead to an increased ketogenesis in the liver and following an accumulation of 3-hydroxy-butyrylcarnitine (not shown). Furthermore, LBW individuals may have an increased omega-oxidation in the endoplasmic reticulum of the liver along with an increased beta-oxidation of dicarboxyl-fatty acids in peroxisomes, leading to an accumulation of hydroxyl-and dicarboxyl-acylcarnitine species. Omega-oxidation may be a scavenger pathway for oxidation of fatty acids that otherwise could be available for synthesis of lipotoxic lipid species such as ceramides and diacylglycerols that impair insulin signaling.
expenditures during all time intervals of the 24 h calorimetry in response to overfeeding, and furthermore from the finding that they reduced the plasma nonesterified fatty acid level due to this challenge (Brons et al. 2012) . In a prior rodent study, mice fed a high-fat diet had higher serum levels of several medium-and longchain acylcarnitines compared with mice fed a standard diet (Koves et al. 2008) . It was suggested that the high-fat feeding resulted in an incomplete fatty acid beta-oxidation (Koves et al. 2008) . However, in this study, the high-fat overfeeding was for only 5 days and the blood samples were collected after an overnight fast, as opposite to the rodent study in which the intervention was for 12 weeks, and the samples were collected in the fed state (Koves et al. 2008) . Thus, an increased beta-oxidation and TCA cycle flux in response to short-term high-fat overfeeding could be a compensatory mechanism to prevent an accumulation of lipids in nonadipose tissue. Such a mechanism is probably only transient and may not persist for long-term high-fat overfeeding exposure. This hypothesis, however, requires further studies. Their increase in C8:1 and C8:1-OH/C6:1-DC levels in response to overfeeding may be explained by the markedly higher n-3 fatty acid content in the high-fat, high-calorie diet compared to the control diet (Table S1 ), as C8:1 and C6:1 n-3 fatty acids are oxidation products of several n-3 fatty acids, including alpha-linolenic acid, C18:3 n-3 fatty acid.
Our study is the first to describe fasting plasma acylcarnitine levels in LBW individuals with an increased risk of developing type 2 diabetes. It has its strengths in the careful selection of LBW and NBW men, highly standardized study setup, and in depth physiological and metabolic characterization of the individuals. In relation to the biological interpretation of the results, however, it has its limitations in the acylcarnitine profiling being on the plasma level, as plasma acylcarnitines represent the sum of contributions of acylcarnitines from various tissues, mainly skeletal muscle and liver, that may respond differently to a given metabolic challenge (Schooneman et al. 2013 (Schooneman et al. , 2014 . Also, plasma and these tissues may have different turnover rates of acylcarnitines (Schooneman et al. 2014) . In summary, we demonstrated that LBW men had higher C2 and C4-OH levels after the control diet compared with NBW men, suggestive of an increased fatty acid beta-oxidation in mitochondria relative to the TCA cycle flux. Furthermore, we showed that LBW men had higher C6-DC, C10-OH/C8-DC, and total hydroxyl-/ dicarboxyl-acylcarnitine levels, which may suggest an increased fatty acid omega-oxidation in the endoplasmic reticulum of the liver concomitant with an increased beta-oxidation in peroxisomes of omega-oxidationderived dicarboxyl-fatty acids. Interestingly, a cluster of short-chain, dicarboxyl-acylcarnitine species, including C6-DC, has recently been shown to be prognostic for myocardial infarction and all-cause cardiac mortality (Shah et al. 2010 (Shah et al. , 2012 . Moreover, we found that C10-OH/C8-DC and total hydroxyl-/dicarboxyl-acylcarnitine levels tended to be negatively associated with the serum insulin level, and the total hydroxyl-/dicarboxyl-acylcarnitine level additionally tended to be negatively associated with the hepatic insulin resistance index. Therefore, we proposed that an increased fatty acid omega-oxidation could prevent an accumulation of lipotoxic lipid species that impair insulin signaling in the liver. Intervention studies that aim to increase the efficiency of fatty acid oxidation, including hepatic omega-oxidation, and TCA cycle flux to thereby potentially reduce an accumulation of lipids and improve insulin action in LBW individuals are needed.
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